Genetic manipulations, with or without lineage tracing for specific pancreatic cell types, are very powerful tools for studying diabetes, pancreatitis and pancreatic cancer. nevertheless, the use of cre/loxP systems to conditionally activate or inactivate the expression of genes in a cell type-and/or temporal-specific manner is not applicable to cell tracing and/or gene manipulations in more than one lineage at a time. Here we report a technique that allows efficient delivery of dyes for cell tagging into the mouse pancreas through the duct system, and that also delivers viruses carrying transgenes or sirna under a specific promoter. When this technique is applied in genetically modified mice, it enables the investigator to perform either double lineage tracing or cell lineage tracing combined with gene manipulation in a second lineage. the technique requires <40 min.
IntroDuctIon
Diabetes mellitus has become a major health problem worldwide 1 . Pancreatic cancer is the fourth leading cause of cancer mortality, with a 5-year overall survival of only 6% (ref. 2) . Thus, pancreatic research is of the utmost importance.
As Cre/loxP is a site-specific recombinase system of proven efficacy, it is frequently used in mouse studies of pancreatic development, diabetes, pancreatitis and pancreatic cancer. However, this system only allows conditional activation or inactivation of genes in a cell type-and/or temporal-specific manner in one lineage at a time. Although a combination of Cre/loxP system with other site-specific recombinase systems such as Flp/FRT or Dre/rox could theoretically provide manipulation of multiple lineages concurrently, the incurred complexity of mouse breeding and the stability of the genome present formidable challenges to achieving this [3] [4] [5] .
In this protocol, we present a technique based on previous publications [6] [7] [8] [9] [10] [11] [12] , which uses pancreatic intraductal infusion to target cell-tagging dyes, or viruses carrying transgenes or siRNA under a specific promoter, to specific pancreatic cell types [13] [14] [15] [16] . When this approach is used in genetically modified mice, it can allow either double lineage tracing or lineage tracing of one lineage combined with gene manipulations in a second lineage.
Application and advantages over other methods
Intraductal infusion of a cell-tagging dye 15 , as well as an adenoassociated virus (AAV) carrying Cre recombinase under a Sox9 (duct-cell-specific) promoter, into an R26R Tomato reporter mouse 13, 17 allows efficient and specific labeling of pancreatic duct cells. Specifically, visualization of the infused dyes in duct cells takes <1 h, and expression of the transgenes in AAV takes [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] h. This may be very useful for lineage-tracing studies of beta cell regeneration, diabetes, pancreatic cancer and so on. Similarly, infusion of a virus carrying the Cre recombinase under the control of another cell-specific promoter into a reporter mouse would allow specific labeling of other cell types in the pancreas. For example, infusion of an AAV carrying insulin-Cre into an R26R Tomato reporter mouse results in specific labeling of beta cells; infusion of an AAV carrying glucagon-Cre into an R26R Tomato reporter mouse results in specific labeling of alpha cells; and infusion of an AAV carrying elastase-Cre into an R26R Tomato mouse results in specific labeling of acinar cells.
Intraductal infusion of a virus carrying a transgene or shRNA under specific promoters can be used to alter gene expression in specific type(s) of pancreatic cells, thus resulting in specific overexpression or knockdown of target genes. For example, we have recently used an AAV carrying a shRNA against vascular endothelial growth factor (VEGF) under the Sox9 promoter to specifically knock down VEGF production in pancreatic duct cells 16 . We have also recently used an AAV carrying a recombinant SMAD family member 7 (SMAD7) under the insulin promoter, to specifically overexpress SMAD7 in pancreatic beta cells 14 . Pancreatic duct infusion has also been successfully performed to induce biliary pancreatitis, for studying the onset of clinical biliary pancreatitis 7 .
This technology could potentially have clinical applications as well, as humans undergo pancreatic duct injections on a routine basis, without the need for surgery, through endoscopic retrograde cholangiopancreatography (ERCP). However, AAV delivery by ERCP may be difficult and is not currently used as a route of administration in patients with pancreatic cancer. Thus, delivery of therapeutic virus or drugs via ERCP may provide new options for treating some pancreatic diseases. choice for intraductal infusion, owing to its safety, long-term expression of the transgene and its apparent lower risk of inducing inflammation (compared with lentivirus and adenovirus) 8, [18] [19] [20] . Intraductal infusion of an AAV entails a limited-sized construct, as the total insert for AAV vector should be <5 kb (refs. 8,19) .
Limitations

Experimental design
The details of this intraductal infusion system may need to be changed depending on the specific experimental goal.
The volume of the infused reagents and the speed of the infusion both affect the outcome. When the virus is infused with a fixed viral concentration, the transduction efficiency increases with the infused viral volume. When the virus is infused with a fixed total viral amount, the transduction efficiency increases with the infused viral volume, suggesting that if virus availability is limited the transduction efficiency can be increased by diluting the virus in an increased volume (Fig. 1) . If specific targeting of dyes or virus to pancreatic duct cells is needed, a lower infusion volume, but at a much slower infusion rate, is optimal. Targeting of the entire pancreas, or specifically the endocrine pancreas, requires a higher volume of infusate, but here the infusion can be at a higher rate. The infusion details, which have been worked out in our laboratory, are shown in Table 1 . The transduction efficiency of major pancreatic cell types by various infusion methods has been summarized in Table 2 . As the duration of surgery is ~40 min per mouse, which limits the number of mice that can be injected per day, the choice of the infusion time needs to be carefully justified because it can contribute markedly to the procedure time.
Controls. Control mice should be included and treated in the exact same way as the experimental mice. To control for infusion of dyes, a control infusate consists of the same volume of DMSO-PBS, the vehicle for the carboxyfluorescein diacetate, succinimidyl ester (CFDA-SE) and N,N-dimethyldodecylamine-N-oxide succinimidyl (DDAO-SE). In the case of infusion of transgene/ siRNA viruses, viruses carrying empty vectors or reporter only (e.g., GFP) are used as controls. The infusion was performed on 20-30-g mice, and thus 150 µl of 10 12 GCPs/ml AAV was infused at a rate of 6 µl/min. Quantification was performed from five mice in each condition, and was presented as mean ± s.e.m. For duct labeling efficiency and specificity by CFDA-SE, or by AAV6-Sox9p-Cre to R26RR Tomato mice, or by AAV6-Sox9p-shVEGFa, please refer to previous publications 13 (Table 1) , and then set it firmly into the infusion syringe pump. The proper infusion rate should be adjusted and then the infusion stream should be tested to ensure that it is free of obstruction.  crItIcal Avoiding air bubble formation inside the syringe and the catheter is crucial for achieving satisfactory infusion results.
•
Surgery apparatus
The surgery is performed on a prewarmed plate, with the isoflurane anesthetic machine equipped nearby to supply the mouse via inhalation. After a laparotomy and exposure of the duodenum and pancreas, a 31-gauge blunt-ended catheter is placed into the duct through the sphincter of Oddi in the duodenum, and it is connected to a microinfusion apparatus to allow slow and stable infusion of reagents (see below for details; Fig. 2a,b) . proceDure anesthesia • tIMInG 1 min 1| Anesthetize mice with 2-2.5% (wt/vol) isoflurane by inhalation.  crItIcal step The inhalation should be closely adjusted, according to the breathing and heart rate of the mice during surgery. A typical infusion surgery takes 30-40 min. Unnecessary delays in the surgery should be avoided.
preparation of the mouse for surgery • tIMInG 1 min 2| Put the mouse onto the 37 °C warming pad that has been cleaned three times with alternate changes of Betadine and ethanol (or 3× chlorhexidine/ethanol). Immobilize the mouse on the plexiglass using surgical tape and use Nair to remove hair from the lower chest and abdomen. Clean and disinfect the now hairless area with gauze soaked in 70% (vol/vol) ethanol. laparotomy • tIMInG 1 min 3| Use scissors to incise the skin at the midline of the abdomen. Next, cut the abdominal muscle along the linea alba to create a midline upper abdominal laparotomy incision of 1.5 cm.  crItIcal step Avoid injuring any underlying organs when performing the laparotomy.
exposure of the pancreatic duct • tIMInG 0.5 min 4| Use Q-tips to gently pull out the stomach. Rotate and stretch the duodenum to expose the biliary-pancreatic duct and its junction with the duodenum (the sphincter of Oddi), which appears pale (Fig. 2c) .  crItIcal step The stomach, duodenum and pancreas should be handled mainly with Q-tips. Avoiding pinches with steel instruments may substantially reduce tissue trauma, edema and bleeding, and it will be crucial to achieving reliable experimental results and good recovery of the mouse. If the procedure is performed properly, pancreatitis will be extremely infrequent. Aside from cotton applicators, carefully handled steel surgical instruments such as ring forceps can also be used to manipulate the duodenum without causing tissue trauma. Care must also be taken to avoid overstretching the duodenum, which may cause injury to the duodenum, and may even distort the biliary-pancreatic duct. Intestine outside the abdominal cavity should be covered with moistened gauze (with warm saline) to avoid substantial heat loss and drying of the tissues.
? troublesHootInG cannulation of the duct • tIMInG 0.5-3 min 5| Perform a slight backward rotation of the duodenum to expose the distal biliary-pancreatic duct. With a view of the back side of the duodenum and the duodenal portion of the pancreas, the region of the papilla should also be visible (Fig. 2c) .  crItIcal step Surgical exposure is crucial, as a microclamp needs to be precisely placed on the common bile duct above the branch-point of the pancreatic duct, to prevent infusion into the liver (Fig. 2c) .
? troublesHootInG
6|
To prevent perfusion of the liver, place a microclamp on the bile duct above the branching of the pancreatic duct. When the first clamp is placed (Fig. 2c) , clamping of the portal vein located immediately below the common bile duct should be avoided.
7|
Use a 30-gauge needle to make a small hole opposite to the sphincter of Oddi, 1-2 mm away from the ampulla of Vater. Next, pass a 31-gauge blunt-ended cannula through the small hole that has been created by the 30-gauge needle in the duodenal wall and then the sphincter of Oddi (Fig. 2d) . The tip of the catheter should be positioned at the origin of the pancreatic duct branch in the biliary-pancreatic duct (Fig. 2e) . If the anatomy is unclear, the tip of the catheter can be placed just past the sphincter of Oddi.  crItIcal step Cannulation is the most important and most difficult part of the protocol, and it requires stable hands and careful manipulation. A blunt-ended catheter helps reduce the risk of damage to the duct.
8|
Clamp the papilla around the catheter with another microclamp at the sphincter of Oddi to prevent backflow or leaking during the viral infusion (Fig. 2f) . The microclamp is of low pressure to avoid injury of the duodenum. The back end of the catheter is connected to a microinfusion apparatus.
Infusion
• tIMInG 25-30 min 9| Turn on the pump and infuse the predetermined amount of solution, at the flow rate determined as outlined in table 1.
? troublesHootInG removal of the cannula and microclamps • tIMInG 0.5 min 10| After the infusion is completed, remove the microclamp on the sphincter of Oddi and withdraw the catheter gently from the duct. Next, remove the microclamp on the biliary-pancreatic duct.
closure • tIMInG 2 min 11| After infusion, close the hole in the duodenum created by the catheter with a 6-0 suture. This suture does not seem to affect the experimental results, nor does it seem to affect survival of the mice.
12|
Return the intestines to the abdomen and suture the abdominal muscles with a 4-0 suture using a running stitch.
postoperative care • tIMInG 10 min 13| Return the mouse to its cage on a heated pad (37 °C) until it fully recovers. Give ketoprofen (Sigma, cat. no. k1751) at a dose of 5 mg/kg s.c. once per day continuously for 3 d after surgery for analgesia. ? troublesHootInG step 4: successful exposure with Q-tips All efforts need to be made to expose the duodenum quickly but without damage. The use of Q-tips is important. Sufficient mouse dissection practice will help to most efficiently and promptly locate and position the duodenum. In addition, Q-tips are especially important for safely separating organs when there are preexisting adhesions due to the use of tamoxifen and other i.p. injected drugs.
step 5: cannulation of the duct
The cannulation is not challenging for experienced surgeons, but practice is required. If the portal vein is clamped, the intestine becomes dark owing to venous congestion. If the papilla is not properly cannulated, instead of entering the catheter into the common biliary-pancreatic duct, direct injection of the exocrine pancreas parenchyma may occur. This event may be less likely with our modified infusion protocol, as we use a blunt-ended catheter. The use of the blunt-ended catheter also allows us to gently move the tip of the catheter in order to help determine whether the catheter is properly placed in the biliary-pancreatic duct. As bleeding may affect the interpretation of the data, it should be avoided. Seldom did we find substantial bleeding in the procedure, and in such situations the animal was excluded from the experiment.
step 9: infusion
As mentioned previously, the avoidance of air bubbles in the infusion system is very important in order to avoid pancreatic damage. In addition, the catheter can become obstructed before and during the infusion. It is crucial to clean the catheter after infusion with distilled water, rather than with PBS, as PBS salts may precipitate after drying out. Proper care of the catheter will allow it to be used indefinitely.
The speed of the infusion should be strictly controlled, according to guidelines in table 1, because the infusion rate can markedly affect the results. Too fast a speed may result in only partial perfusion of the pancreas, leaving the tail pancreas unperfused. In addition, for infusion with dyes to label duct cells, too rapid an infusion may increase the pressure inside the duct and may result in leakage of the dye outside of the duct system, and thus nonspecific labeling, as discussed previously 15 . On the basis of our previous experience, a properly performed infusion should not cause marked pancreatitis [13] [14] [15] [16] .
• tIMInG
Step 1, anesthesia: 1 min
Step 2, preparation of the mouse for surgery: 1 min
Step 3, laparotomy: 1 min
Step 4, exposure of the pancreatic duct: 0.5 min Steps 5-8, cannulation of the duct: 0.5-3 min
Step 9, infusion: 25-30 min
Step 10, removal of the cannula and microclamps: 0.5 min Steps 11 and 12, closure: 2 min
Step 13, postoperative care: 10 min antIcIpateD results When a cell-tagging dye is infused, the duct system can be specifically and efficiently labeled within 1 h ( Fig. 3a; see also Xiao et al. 15 ). When an AAV carrying Cre recombinase under a Sox9 (duct cell-specific) promoter is infused into an R26R Tomato reporter mouse, duct cells can be specifically and efficiently labeled (see Guo et al. 13 ). When an AAV carrying shRNA against VEGF under the Sox9 promoter is infused, it can specifically and efficiently knock down VEGF production in pancreatic duct cells (see Xiao et al. 16 ). When an AAV carrying a recombinant SMAD7 under the insulin promoter is infused, it results in specific overexpression of SMAD7 
